Samples of ar~e n i c s ulfid e glaHS " -ere investigated to clc>lerll1ine the ir che m ical a nd phys ical properties. Amon g the proper ties r eported a re t ile hygros co pici t.I', chemi cal durability, hydroge n e lec trod e fUllc t ioll, ex pansivi ty , clastic nlOduli, modulus of rnpture', hardn ess, transmittance, and indices of re fraction .
Introduction
Arsenic sulfide (AS2S3) g l3 ss, alllloligh reportcd i:l 1870 [1),4 h3s t'eceived con sideration only in r ec'ent years for its des irable' s peC'lral tran s parency to infrared rndiation . It has n u sable tmn smiiLtLnce of radiant ene rgy out to ]2 .0 oj' ]2 . .' ) /-I , depend ing on thickn ess [2,:3] .
The present inn'stigation wa s underta,l.;:eTl to determine the chemicnl an d phYE' ical propert ies of thi s glass nncl also to obta in pertinent i nformation as to iis suit3bility foJ' u se as nn l'kmenL of nil optical sys tem whell expos('(l 1..0 the a (mos pher('.
Much of the ma terial ('on tnined in thi s paper lws been the subject of n repo r( to (11(' U. S. Ail' Fore(' [4] .
I rr hi s work was s up portrd fir st b~' the Drpartmr nt of the Na,,"y, TIu rrau of Sh ips. and later by the l'nited Statl's Air Fore", Wr ight Air Development Cente r , l\I aterials Laboratory.
' Present address, Eastnhlll Kodak Co_, Rochester, X. Y. 3 Deceased. 4 Figures in brackets indicate the literature references at the end of this papcr.
Preparation of the Glass
Th e a rsenic s ulfide glass for most of the tests was mad e in the apparatus shown in fi gure 1 .5 The aJ'senic and s ulfw' , in sto ichiometric ratio of 2 1,0 3 plu s a 0.25 p crcen t exc('ss of sulfur , we/'(' allowed to reaet in tJl(' r('H eLi on tube in nn atmo sphere of nitrogen, and then the arsen ic sulfide was disLilled at npproximntd'y 7:35° C into tIl(' It(TumulaLo r. A typica l tillH'-t emperature sell eduk for it 5,000-g batch of ars('n ic s,ilficl e is gi,oen in table I . A slug of gla ss, ch illed b'y m ean s of ,1, stream of nitrogen impin ging on th(' outle( tulw, retnined Lhe disLillate in the aC'C'UlllU In tor. 1\i( rog('ll was u sed throughouL tlli s op(,l'I1t iol1 to prevt'nL oxidation. When the d ist ill ation was completed, tht' glass in Lhe accumulnJor wa s st irred to h omogen ize it. UeaL was Lhen npplied to til(' outlet tube, the stirJ'{'r was sLopped, and the first slug o f glass \\'Il S clLlig il t in Lhe Lube su spen ded from the bo tt o m of tlw moldin g oven. The mold \Ions th en quick ly moved in Lo place and ~ A pat(' llt has bl'('11 :'lpp l iNI for on thi s oll('·sh'p procrdurr fo r makiJlg al'st' nic sui fide glass. t h e slab cast. After flow practicall y ceased (about 3 min) , a glass plate was placed over th e mold and th e mold and conten ts moved to an annealing oven at 185 0 C. It was held at this temperature for 12 to 16 lll" and then slowl y cooled to room temperature. For pieces weighing 2.0 t o 2.5 kg, the whol e annealing operation t ook 3X to 3% days. No attemp t was made to control th e atmosphere in th e annealing oven.
Although th e apparatus shown in figure 1 permitted th e usc of eith er teclmieal-grade or distilled arsenic without appreciably altering th e quality of th e glass, th e large amoun t of residue left b ehind by th e technical grade attacked t he r eaction tub e, t hereby shortenin g its life.
Som e of the experiments were m ade on samples of glass obtained from a commercial source 6 and ot h ers on experimen tal melts prepared at th e Bureau by the one-step process describ ed above.
The large thermal expansivity of t h e As2S3 glass presented a distin ct h azard to molding blanks su ccessfully. The blanks, while b eing formecl in Pyrex 7740 or Vycor, often stu ck to t h e walls and bottom of th e molds. Upon coolin g, t h e differential exp ansion b etween th e mold and specimen and th e adh esion of th e arsenic sulfide glass to th e walls of th e mold frequently resulted in sever e fractur e of both m old and specimen . This difficulty was overcome by lining the mold with aluminum foil, which eliminated sticking and allowed comple te freedom of adjustmen t to , th e large dimension al changes that, occur during cooling .
, The commercial samples were proclll ced by t hc American-Op tical Co., Sou thbrid ge, M ass.
. The transmit tances of arsenic sulfide glasses made at the Bureau by similar procedures and of materials of comparable purity will agree within ± 2 p ercen t b etween 2 and 8 ). /" except possibly in th e region of t h e water absorption band at abou t 2.8 )./,.
Nothin g is lmown about the details of preparation of the commercial specimens. The commer cial and experimental glasses are appreciably different in appearance and spectral transmittance in the visible and very n ear infrared as shown b y d ata obtain ed with a B eckm an quar tz sp ec trome ter , model D U ( fig. 2) 3 . Chemical Properties 3 .1. Hygroscop icity The hygroscopicity and chemical-dUl'ab ility data were obtained by the powder and interferometer procedures described in earlier publi ca tioll s [5, 6] . In crushing and screenin g the powdered samples (approximately l.5 g that passed a o. 150 T yler stand ard sieve) for hygroscopicity de terminations, the "fines" adhered conspicuously to the ' mortar, ieve, pan, walls of t he hood, and the skin and clothing of the operator . Because the material is toxic, suitable precaution s should be t,aken during t his operation. Figure 3 , plotted from data given in table 2, sho,,\r8 the hygro scopicity curves (waLeI' sorbed versus hoUl's of exposure to 98% r elative humidity) for sp ecimens of ar ell ic sulfide glass from two different SOlU'ces, compared with Lhose for fused 8i02, Vycor, Pyrex 7740, a window gla ss, and Cornin g 015 . These silicate glasses furnish a reference index coverin g a broad cross sec tion of commercial usage. Although the r esults obLained on the Lwo samples differ from each other, both are con siderably less hygroscopic t han Pyrex 7740 . On e of t h e samples even compare favorably wi th fu sed 8i02 and Vycol', although this should not be interp reLed as an indication of good chemical durabiliLy, as shown in fi gure 4 
.. where fused silica and arsenic sulfide glasses are compared . The differences between these two AS2S3 glasses, as shown by the h ygroscopicity data, and which were also evident in the transmit tance curves of figure 2, may b e thc result of impuri ties or variations in the arsenic-sulfur ratio .
. Che mical Durability a. Swelling and Attack
The ch emical clurabil i ty of th e arsenic sulfide glass was reported a.s the surface alteration in interference fringes brought about by exposure of optically flat surfaces to various solutions under controlled conditions of temperature , time, and pH . Test solutions chosen were the Britton-Robinson universal bufrers [7] over the range pH 2 to pH 11.8, h ydrofluoric acid , and sulfuric acid.
There is general belief that the lower th e hygrosco picity of a glass , the greater the ability of th e glass surface to r em ain optically clear [8, 9] . Judged on this basis from figure 3 a,nd from th e examination of polished samples which h ave b een stored in the labor atory for approxim a tely four years,. both sampl es of AS2S3 would b e expecLed to mamtam optically clear su rfaces ove1' a considerable period.
Alth ough the above indica tes t h a t arsenic sulfide glass has sa tisfact ory se],viceab ility, it rates very low in chemical durabili ty as judged from fi gure 4 , p lot ted from data in table 2. In fact, it is inferior to the v ery hygroscopic , pH responsive Corning 01 5 glass. Among th e most interesting features of tIl(' curve for the ellC'mical dmability of AS2S3 glass , is th e appre ciable s\\'eIling in the acid range b elo w 7JH 6. Experimentally, the data be t ween pH 2 and p H 6 \\'el'e read ily r epr odu cible. At pH 8, however , th e at tacks were variable, showing wide disagreem f'nt in resu lts on duplicate samples ranging from difficultly detectable to large attack, as sh own by t h e alTOW in figure 4. Results in th is region wore highly dependen t on ju st when the swollen layer slough ed off 0 ]' di ssolved. This is characteristic of glasses at pH valu es neal' which the surface alteration is passing through the t ransition from swelling to attack (a pproximately p H 7 ). The AS2S3 glass exhibited swelling of 1/2 fri nge (comparab le with t h e swelling in acid buffer solutions) when exp osed to d istill ed \\'atel' for 6 hI' at 80° C. At pH 11 .8 , t h e a ttac k was so r apid th at the exposure time had to be r educed to 1 min at room temperature. The value plotted was calculated OIl th e assumption tha t t h e r ate of attack doubles for each lO dcg C ri se in temp eratme [G ] . This rapid atta,ck in alkaline solution s is in lin e with the high solubility of AS2S3 in su ch solutions [10] . The swelling of the AS2S3 glass in t he pH r ange of 2 to 6 is similar to that observed on t he Cornin g 015 glass.
T fig. 5 ) ou t of more than 15, sh owed vigorous attack in this "super acid" region. As similar attacks were ob tained up on the addition of small amounts of fenic salts as an oxidizing agent,8 it was concluded that residual amounts of t he fenic compoun ds presen t from the p olishing rouge wer e probably respon- 7 Altho ugh such observed values as pH 8.2 cannot be rationalized in the Arrhenius se nse , i. c. they cannot possibl y re present h ydroge n-ion concentration in m oles pel' liter [11] , n e vertheless these activities as indicated by the h ydroge n electrode : saturat ed 1(C1 cell a rc acce pted and plotte d for convenience. 
The ch emical-durability curve for Pyrex 7740 IS included in figure 5 as a reference standard. 
b . Arsenic Sulfide Glass in H ydrofluoric
Acid Silica te glasses are generally attacked vigorously by hyd:i-oHuoric acid with the formation of soluble products and vola tile SiF4 • The chemical durabili ty of arsenic sulfide glass in HF solution s is of inter est because the glass conta in s no silica. Prelimin ar y experiments showed no displacement of fringes or other detectable alteraLion of polished fl ats upon exposure to 48-percent HF for 6 Ill' at room temperature. At elevated temper atures, a per ce ptible swellin g was observed a fLe r 1 hI" of exposure. Figu re 6 shows the results obtained upon exposing specimen s to 48-percen L UF aL 80 0 C for variou s periods of time up to 6 lU'. Swelling increased wi Lh L im e of exposure up to and including 4 111', aILer which th e swollen layer eiLhe r became mechanically weak and sloughed off, or oxidized , formin g soluble producLs. This attac k, after 6 lU' , was repeaLed on fiv e dirrercnL pecimen s, with similar results in each case.
p H Response of Arsenic Sulfide Glass Electrodes
For studying th e pH response, elec trodes ,vere prepared by coa ting an aluminum rod (approxima tely 2-mm diameter ) wi th a film of the ASzS3 glass. This was accomplished by dippin g the rod into the molten glass, and withdrawing and cooling sufficien Lly quickly lo proven t igniLion of the arsenic sulfide in Lhe air. Aluminum was used because i t h as a p-
42H7UO
; . . All emf m easurements were made at room temperature with a Bec kman pH meLee model G, using a calibrated glass electrode as the reference ha lf cell.
At the time of preparation, these arsenic sulfide electrodes h ad resistance val ues g rea tly exceed in g 1,000 meg, an cl were incapable of ini L iatin g or sustainin g readable volLages on Lh e elec tromeler, i. e., they behaved as an open circuit. The resistan ee upon exposure to a.queou s sol uLion s fell quickly to a few m egohms, and the elect rodes lhen behaved essen tially as punctlll"ecl el ec lrodes. Their iniLial performance \\'as in accorel wilh lh e very low hygroscopicity of the arsenic sulfid e glass, \\"hel'eas lhe later elect rical respon se was compaLible with the excessive swellin g exhibiLec[ by th is gln ss in ac id solutions betll'e('npH -2 and pH -6 , an d general ove rall poOl" ch emicn,l dura biliLy in lhe a lka lin e 1)1-1 ran ge. In ord er to esLab li sh Lhat the cla ta in fi g ure 7 represent, th e p erformance of th e arsen ic sulfid e, and not merely lhe ch aracLe ri s tics of the a.luminum elecLrical connecLor, Lhe volt age characte ri stics of the bare alumi num rod wer e follow ed ove r lh e r ange pI-I 2 and pH ] 1.8. Figure 8 and La bles 4 t\,nd 5 show a compa rison of the elect rode performa.nce with t he reported chemical durabiliLy of Al m etal [11] and the p H r ange of precipi tation of Al (Ol-I)3 [14] . The interesting feature of Lhe voltage depa rt ure curve is Lhe direction of drifts of the vollage b elow p H 4 and above pH 1.] . These cl r ifts a re toward increasing depar ture, indica ling t he elec trode is being attacked as shown by the clmabiliLy curve. Between pH 4 and pH 1] , Lhe aluminum electrode tencled to indi cate the H-ion concentration , with a steady rea din g appearing nca r pH 8. The lat ter poin t should be near the pH of minimum solu bili ty of Al m eLal in the buffers used . In spection of these da ta suffices to establ ish tha t the voltage deparLure r ecorded for the glass elect rodes in figure 7 is characLeri stic of a rsenic sulfide glass and not of aluminum. Precip itat ion is complete at p H 7.8. Immediate fil tration at room temperature is possible. Im bibed water is drh'cn 00' at 130 0 C a nd ign ition to co nstant weigbt can be m ad e at 4750 C . Thus this proced ure has two interestin g featu res;_ease of filtration and drying at low temperature.
FIG URE 7. Volta ge departw'es (errors) of electrodes prepared
Jrmn arsenic sll ifide glass.
(For compa.r ison purposes, a curn~ is s hown for an electrod e ha ,-ing no h yd rogen e lectrode function and for a glass electrode of Corning 015 glass, possessing approximately fu ll p ll response). 
Physical Properties 4.1. Thermal Expansion
Expansion data were obtained b y means of the Saunders modifica tion of th e in terferometer proced ure for meas uring dilation [15] . Figure 9 shows a typical curve for the th ermal expan sion from room temperature to th e deformation poin t of arsen ic sulfide glass. The coe ffi eiell t of expansion of this glass, 23 .7 X 10-6 / o C between 50° and 175° C, is over 7 times t h at for Pyrex 7740 (3.3 X 10-6 ;o C), and approximately 2~ times th at for common window an d container glass.
Elastic Moduli
The elastic moduli were clet ennined by the procedure used by Sp inner [16] . T ab le 6 gives typical va lues for You ng's an d shear moduli and Poisson 's ratio for annealed arseni c sulfide glass from 20° to 190 0 C. Both Young's and sh ear moduli decreasecl with increasing tl'mpcrature, while Poisson's l'il Lio increased. A graph of Young's and shear moduli vel'SUS temperature is given in figure 10 .
Arsenic sulfide glass lw s a Young's modulus of 162 kilo bars at room temperaLure (20 0 C ), or approximately one-fourth thaL of ordinary ghtss('s. This is very fortunate in resp ect to the 11l0rmal-shock resistance of this glass. T h e co('ffic ient of thermal . 0 , Young's mod ulu s; -e-, sh eal' modulu s.
('nelurance, F , is defined by th e exp ression ,
-OlE sc
whel'e P is lht' ll'Il Sile strl'n g lh, 01 lhl' C'oefli.cil'nL of expansion, E Young's modlllus, f( lhermal condu c1i vity, s the' ckn sity, fillcl c llt(' specifi c heaL [17] . The low Young's mochllu s h elps to ('olmtel'il.c[', Lo a CC'l'-lai.n ext ent , lheh igh eo cfri cient of thl'rmal expan sion, b ecituse the coeffici ellL of Lhe rmal endurance varies invel'sely with their produ ct . In spit e of Lhe low Young's modulus, the therm itl-sho ck resistance is low in comparison with tIl(, regull1l' glassl's of commerce. Although flat specimen s of the AS2S3 glass could only withstand quenching thermal shocks of less than 20 0 C, the sflme specimen s could b e placed on fJ.ll aluminum plate at 300 0 C without bl'eak:ing, Observations with the polariscope revealed th at in the la tter situation, both the upper and lower surfa,ces of th e specimens werc placed in compression / The large expansion of the hot lower surface causel!. the specimen to curl upward , placing the upper surface in compression. At the same time, as long as the main bulk of th e slab remains below the deformation temperature, the lower surface was also h eld in compression. As soon as the deformation temperature is reach ed , the stresses arc released and sbll no breakage can occur.
.3. Modulus of Rupture
The modulus of rupture was determin ed on a transverse strength appara.tus ,,~ith midpoint load ing. Values for annealed and " toughened" arsen ic sulfide glass specimens made at the K a,tional Burcall of Standards are given in t.a bl e 7. These m easure- ments were made on spec imens a pproximately 0.4 by 0.7 b y 6.0 in . long, using a 4-in. span . The process used in " t empering" or " toughening" arsen ic sulfide glass consisted of healing the specimens to 250 0 C, quenching them in oil at 130 0 C, a.nd leaving the specimens to cool in the oil. As can be seen from the table, t h e "tough ening" tren.Lment inCl'e ase d the arithmetic m ean of the modulus of rupture from 2,096 to 6,505 psi, 01' 3. 1 tim es. Although the standard devia.tion was hi gh er fo1' the "tollghened" samples (934 against 46 1 psi for the annealed samples), the coefficient. of vari at ion wa s less (14 .36 to 21.99%).
4.4 . Hardness
The Knoop h ardn ess of annealed arsenic sulfide glass was found to be 120 to 125. However, when these same samples were "toughened" and again tested, t he Knoop hardness was only 100 to ] 11. The Knoop hardn ess of commerciallv annealed sod a-lime glass is 520; t ha t for lead gl~sses varies from 370 to 440 , depending on th e lead content [18] .
Optical Properties a . Transmittance
The infmred transmittance curve for two thicli:-nesses of arsen ic sulfide glass made at the National Bureau of Standards is shown in figure 11 . These m easurem en ls wer e made b y the Radiometry Section of the Bureau. Figure 12 shows the absorbance index and smface loss (one surface) calculated from tht' results plotted in figm e 11 [19] . As can be seen, the maximum transmittance obtainable is about 70 percen t because of the high reflection loss. This high lo ss is due to the high index of refraction, 2.4 in the infrared. Figure 13 gives an idea of the difference in transmittance b etween a sample made at the Na tional Bureau of Sta,ndards and a comm ercial sample made by the American Optical Company. These same sampl es were then "toughened" and their tmnsmittances again m easured . A comparison of the transmittance curves before and after "toughening" indicat ed that the " toughen ing" process did not affect th e tmllsmi~Lan ce in the infrared. Also, though t her e are differences between the transmittances of the two samples (NBS and commercial), the over-all transmittances of the two glasses m e practically t he sam e.
It will be notice d that there is appreciable difference bct,\-een th e transmi ttance curves in fLgures 11 sample used for fi gure 1;3 rl'sullecl from a la rge melt (5, 000 g of batch) nutde in t he one-sLep process desc ribed previous ly. Also, in th e case of th e small melt , doubly distilled arsenic was used ; in the large melt, singly disLillecl arsenic was used . In t.h e small melL, 1 ml of water was added to the batch to displace any residual ail' ; in Lhe large melt, none was added . The small melt was noL cast, but was annealed in the l'eacLion tube after homogenizing. The clifl'erenees in the procedures enumeraLed above can easily aCCOlffi L for the differences in the two transmiLLanee curves.
h. Indices of Refraction
To our knowledge, only one measuremenL of the indices of refraction of arsenic sulfide glass in the infrared h as been made. ThaL measurement was mad e aL thc K ational Bmeau of Standards, b.\' the OptiC'al InsLl'umenLs Sectio n, on a prism furnished by Waltcr A. Frascr, at th at time working ill the R escarC'h Laboratories of Lhc American Optical Co., Stanford, Con n. Thc dispcrsion eurvc for this prism is shown in figure 14 , plotLed from thc res ulLs given in tablc 8. (Thi s gl"ss ",as prod uced by W " llct' A. ]crasc,' while in the employ of the Am eri can Optical Co., Rout hbridgc, 1\1"ss. ilfc"su reltl ents were mad eat N n S.) 1 
Conclusions
Th c ve ry low hygrosC'opicity cxhibiLed by arsenic sulfide glass is a characterisLic favorabl e to its use as an op tical clement. It is beLLer than any other material of which wc know, wiLhin iLs useful transmission range ou t to approximately 13 p., for the opLical elemcnts of laboratory infrared instruments, for that rcitson . Infrared speeLrometel' cells made from it would be satisfa ctory for neutral or slightly acid orga nic liquids and water solutions. However, becausc of its low Knoop hardness, precautions should be takcn to protect it when used in opLical s:\~stems or as windows . It is also very easily attacked by alkalinc and oxidizing materials.
The vcr~' high coefficient of expansion and low modul us of rupturc tend to limit the thermal shock that can be withstood. Hencc , caution must be excrcised in molding procedures , mounting design, a nd service usage. The low value of Young's modulus, howover, docs , to a certain extent, counteracL the effcct of the high coefficicnt of expansion.
